Genetic differentiation of ribosomal DNA (rDNA) nontranscribed-spacer (NTS) polymorphism was analyzed in 50 individuals from 13 populations among the four chromosomal species (2n=52, 2n=54, 2n=58, and 2n=60) of subterranean mole rats of the SpaZa.x ehrenbergi complex in Israel. Southern blot analysis with a mouse rDNA probe and two restriction enzymes, EcoRI and BamHI, revealed various sizes of major restriction fragments. The assumption that this variation is due to length polymorphism of NTS DNA was supported by the construction of restrictionsite maps. On the basis of the EcoRI and BamHI fragment lengths, we could characterize the major types of NTS rDNA repeating units in each individual. Each member of the central population in the four chromosomal groups of mole rats has a characteristic combination of the NTS types, suggesting that the karyotype groups were genetically diverged. Some near-hybrid-zone populations reflect similarities with the rDNA spectra of a neighbor chromosomal group. This might have resulted from gene flow across the hybrid zones.
Introduction
Subterranean mole rats of the Spalax ehrenbergi superspecies in Israel represent a dynamic case of ecological speciation in action. The complex comprises four chromosomal species (2n=52, 2n=54, 2n=58 , and 2n=60) displaying progressive stages of late chromosomal speciation (reviewed in Nevo 1982 Nevo , 1986a Nevo , 1986b . Their adaptive radiation in Israel, from the middle Pleistocene until recently, is closely associated with increasing aridity followed by progressive deforestation and savannization, i.e., with distinct climatic diversity. The 2n=52 chromosomal species radiated in the cool humid upper Galilee mountains, the 2n=54 in the cool dry Golan Heights, the 2n=58 in the warm humid lower Galilee mountains and central Yizreel and coastal plains, and the 2n=60 in the mountains of Samaria, Judea, the northern Negev Desert and southern Jordan valley, and the coastal plain. Narrow hybrid zones between karyotypes occur primarily along climaticrather than geographic-shifts. Thus, the hybrid-zone widths correlate with the intensity of reproductive isolation and stage of speciation involved, as well as with the fact that the different parental types represent distinct stable equilibria across the zone.
The genes of the ribosomal DNA (rDNA) locus comprise a multigene family consisting of several hundred copies in the mammalian genome. They are tandemly repeated at several different sites on the chromosomes. In S. ehrenbergi, four chromosomes may carry nucleolus-organizing regions that house the rDNA clusters (Wahrman et al. 1985) . Each rDNA repeating unit is composed of a coding region that is transcribed into the precursor molecule for 18S, 5.8S, and 28s rDNA and a nontranscribed spacer (NTS). The NTS is a useful region for analysis of the DNA polymorphism within and between species because of its universal presence, high copy number, distinct variation, and rapid alteration. Tandemly repeated rDNAs including NTS and coding region have another characteristic property of a multigene family, viz., concerted evolution (Amheim 1983). The repeated units are inclined to become quite homogeneous within both genomes and populations because of the homogenizing effects of unequal crossing-over or gene conversion. Thus, the comparison of the organization of the repeating units between populations may reveal the extent of the latters' reproductive isolation.
In the present paper we report on the genetic differentiation, as based on NTS variation, of 13 populations and four chromosomal species of the S. ehrenbergi complex and demonstrate not only the characteristic profile of each karyotype but also the distinct similarity between the four karyotypes.
Material and Methods

Mole Rats
The 50 adult mole rats of the four Spalax ehrenbergi chromosomal species comprising 13 populations are presented in table 1. Mole rats were collected in the field and kept in the Institute of Evolution, University of Haifa, until they were deep-frozen at -80 C.
Blot Analysis
Nuclear DNAs were prepared from the livers of the mole rats according to the method described by Maniatis et al. (1982) . They were digested with EcoRI and/or BamHI (Takara Biochemicals, Kyoto) and electrophoresed on 0.6%-0.7% agarose gel at 3 V/cm for 8-15 h in 40 mM Tris-acetate buffer (pH 7.8) containing 2 mM ethylenediaminetetraacetate and 0.5 pg ethidium bromide/ml. Then the double-stranded DNA fragments were transferred to a nitrocellulose filter, heated at 80 C for 3 h, and hybridized to a probe of 0.7-kb, double-stranded DNA in 6 X SSC according to the method described by Southern (1975) (1 X SSC = 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0). The probe was prepared from an EcoRI 6.6-kb rDNA fragment cloned according to the method of Kominami et al. (1982) . Labeling of the probe was performed using (a-32P)dCTP (Amersham Searle) and DNA polymerase I (BoehringerMannheim) (Maniatis et al. 1982) . The specific radioactivity of the probe was 2 X lo* cpm/pg. The site of the DNA probe within the DNA repeating unit is illustrated schematically in figure lb. Prior to hybridization, the filter was incubated at 66 C for 2-4 h in 10 ml of the 6 X SSC containing 0.0 1% (w/v) sodium dodecyl sulfate and Denhardt's solution with denatured salmon-sperm DNA ( 100 pg/ml). Hybridization was performed at 66 C for 24 h, and the filter was washed twice with 150 ml of 0.1 X SSC at 58 C for 1 h. Autoradiography was performed on Fuji-RX film (Fuji-Film, Japan) for 12-24 h with an intensifying screen. To obtain a more detailed restriction map near the 3' end of 28s rDNA, the EcoRI or BamHI fragments were digested with EcoRV, PvuII, PstI, or Sac1 endonucleases (Takara Biochemicals, Kyoto). The resulting fragments were hybridized to the mouse probe.
Molecular-Weight Determination of DNA As shown in figure 1, molecular weights of the restriction fragments of the rDNA repeating units were determined using 0.6%-0.7% agarose gel and rDNA fragments such as 2.3-kb BamHI and 6.6-kb EcoRI fragments as molecular markers (Kominami et al. 1981) .
Results
To determine the organization of the rDNA region near the 3' end of the 28s mole-rat rRNA gene, we digested total DNA from a mole rat (sample 5 in table 1) with several restriction enzymes and hybridized it to the cloned mouse 28s rDNA probe. On the basis of the results of Southern blot analysis ( fig. la) , a restriction-site map of an rDNA unit was constructed ( fig. lb) . Locations of BarnHI, SacI, PvuII, and EcoRI sites on the coding region were identical with those seen for the mouse (Suzuki et al. 1986 ).
The NTS region contained a size-polymorphic region -2 kb downstream from the 3' end of the 28s rRNA gene. As shown in figure 1, in the case of individual 5 the fragment size between the Hind111 and PvuII in the NTS varied, being 1.5-3.0 kb. The region that shows the restriction-size polymorphism might be analogous to the human rDNA variable region, which lies in the NTS near the 3' end of the 28s gene (Krystal and Arnheim 1978) .
In individual 5, only two BamHI bands were observed, although the BamHI fragments contain the variable region. The other 49 mole rats also showed one to three distinct BamHI or EcoRI bands, which were very heterogeneous in their length, both within and between the genomes (see examples in fig. 3a) . Analyzing the heterogeneous NTS region, we classified them into five rDNA repeating unit types-designated as "repetypes" (Wilson et al. 1984 )-with respect to the heterogeneity both striction-fragment length and site differences. The geographic distribution of these five repetypes appears to support the following conclusions:
First, each of the central populations of the four chromosomal species is characterized by a quantitative combination of repetypes. This indicates the presence of four different mole-rat groups in Israel in which populational homogenization is occurring independently. These results suggest that the four karyotype groups are genetically divergent and reproductively isolated.
Second, two near-hybrid-zone populations-9 (2n=58, near to 2n=54) and 10 (2n=60, near to 2n=58)-displayed rDNA repetype spectra similar to those of populations of their neighboring species -i.e., 2n=54 and 2n=58, respectively. By contrast, no resemblance occurred between the two near-hybrid-zone populations, 1 (2n=52) and 7 (2n=58). These results suggest that, in the cases of populations 9 and 10, active gene flow may take place across the discussed hybrid zones because of incomplete reproductive isolation. Alternatively, the similarities may lx due to parallel selection across these hybrid zones, since neighboring populations on either side of the hybrid zone live in similar environments. These alternative hypotheses have been suggested by E. Nevo and A. Beiles (unpublished data) .
The dissimilarity between the near-hybrid-zone populations of 2n=52 and 2n=58 may indicate, according to the former hypothesis, a nearly complete reproductive isolation between them; this possibility is also suggested by the fact that the hybrid zone between 2n=52 and 2n=58 is the narrowest of all three hybrid zones (Nevo and Bar-El 1976) . Likewise, the medium hybrid zone between 2n=54 and 2n=58 may be partly closed to gene flow, at least for females, as indicated by mitochondrial DNA (mtDNA) differentiation (R. L. Honeycutt, K. Nelson, and E. Nevo, unpublished data) . The hybrid zone between 2n=58 and 2n=60, the broadest of the three hybrid zones, may be less restrictive to gene flow. The former hypothesis is partly supported by the differential amounts of pre-and postmating reproductive isolation displayed by the chromosomal species, which seem to decrease in the order 2n=52 > 2n=58, 2n=54 > 2n=58, and 2n=58 > 2n=60 (Heth and Nevo 1981: Nevo 1985; Wahrrnan et al. 1985) . However, DNA-DNA hybridization analysis (F. M. Catzeflis, E. Nevo, J. E. Ahlquist, and C. Sibley, unpublished data) suggests that, within the S. ehrenbergi superspecies, 2n=54 speciated before the divergence of the other three species.
The idea that reproductive isolation among the chromosomal species is not complete and that some migration is occurring between them may seem contradictory to their clear-cut ecogeographical demarcation . However, it should be noted that if there is a small amount of heterozygote disadvantage with respect to chromosome number, then this observation is explicable (see Nei et al. [ 198 l] for the situation re the Rh blood group, which also shows a small amount of heterozygote disadvantage). For mole-rat rDNA that is not located on the chromosomes involved in the change of chromosome number (Wahrman et al. 1985) , gene flow may occur-though its effectiveness is unknown.
The predominance of a characteristic rDNA spectrum in each of the chromosomal species suggests that genetic differentiation within each karyotype overrides the possible mixing effects of gene flow. Interestingly, allozyme differentiation is primarily quantitative across the range of the S. ehrenbergi superspecies (Nevo and Shaw 1972; Nevo and Cleve 1978) . This results in high genetic similarity among the four chromosomal species (Nevo and Cleve 1978) , as is also indicated by differentiation of the major histocompatibility complex (Mhc) in mole rats (Niietii: et al. 1984 (Niietii: et al. , 1985 and by mtDNA differentiation in mole rats (R. L. Honeycutt, K. Nelson, and E. Nevo, unpublished data; H. Yonekawa and E. Nevo, unpublished data). This situation is reminiscent of-but not identical to-that of the tobacco mouse. B&ton-Davidian et al. (1980) reported that, on the basis of enzymatic analysis, Italian mouse populations with 22 and 24 chromosomes showed no significant genetic divergence from the neighboring 40-chromosome populations. These Robertsonian populations, however, share rDNA repetype spectra different from that of the 40-chromosome populations of A4us muscuZus domesticus (Y. Kurihara and K. Moriwaki, personal communication). These results suggest that, within karyotypes, the differentiation rate of rDNA may be higher than that of allozymes.
